Cellulose nanocrystals (CNC) are naturally-derived nanostructures of growing importance for the production of composites having attractive mechanical properties, and offer improved sustainability over purely petroleum-based alternatives. Fabrication of CNC composites typically involves extrusion of CNC suspensions and gels in a variety of solvents, in the presence of additives such as polymers and curing agents. However, most studies so far have focused on aqueous CNC gels, yet the behavior of CNC-polymer gels in organic solvents is important to their wider processability. Here, we study the rheological behavior of composite polymer-CNC gels in dimethylformamide, which include additives for both UV and thermal crosslinking. Using rheometry coupled with in-situ infrared spectroscopy, we show that under external shear, CNC-polymer gels display progressive and irreversible failure of the hydrogen bond network that is responsible for their pronounced elastic properties. In the absence of cross-linking additives, the polymer-CNC gels show negligible recovery upon cessation of flow, while the presence of additives allows the gels to recover via van der Waals interactions. By exploring a broad range of shear history and CNC concentrations, we construct master curves for the temporal evolution of the viscoelastic properties of the polymer-CNC gels, illustrating universality of the observed dynamics with respect to gel composition and flow conditions. We therefore find that polymer-CNC composite gels display a number of the distinctive features of colloidal glasses and, strikingly, that their response to the flow conditions encountered during processing can be tuned by chemical additives. These findings have implications for processing of dense CNC-polymer composites in solvent casting, 3D printing, and other manufacturing techniques.
I. INTRODUCTION
Colloidal gels are percolated networks of attractive particles and/or polymers [1] [2] [3] . Despite encompassing a wide variety of compositions and architectures, colloidal gels share the common feature of a primarily elastic mechanical response under small strains [4] [5] [6] . As such, they are used to design soft solid materials with applications including foodstuff, bio-compatible materials, highly stretchable electronics and soft robotics [7] [8] [9] [10] [11] [12] . Recently, colloidal gels have been employed to produce novel materials via direct ink writing, a versatile additive manufacturing technique in which shear-thinning fluids are deposited by extrusion through a nozzle [13] [14] [15] . Extrusion disrupts the gel's equilibrium microstructure until it yields and reorganizes to accommodate the flow process. The response of the gel after it is subjected to a strong flow depends on the nature of interactions among the colloidal particles. Either the gel accumulates damage under shear until it is irreversibly destroyed (gel collapse), or the gel recovers after flow cessation, and eventually re-forms a percolated network, given a sufficiently long period of rest. These two types of behavior allow to us to distinguish between colloidal gels that experience an irreversible yielding transition [16] [17] [18] [19] , and colloidal gels that can be rejuvenated due to the shear-reversible nature of the interparticle attractive interactions such as van der Waals or depletion interactions [20] [21] [22] [23] . The re- * Corresponding author: ajhart@mit.edu covery step of the latter category of gels has been termed "rheological aging" and the kinetics of such phenomena are a complex function of the volume fraction, the nature of the interparticle interactions and the shear history [24] [25] [26] [27] [28] [29] . Being able to tailor the yielding, flow and recovery of colloidal gels is crucial to achieving the desired shape, mechanical integrity and microstructure in direct-write 3D printing and molding. [30, 31] Such a task becomes even more challenging when designing colloidal gels as precursors for composite materials, as their rheology strongly depends on the physical and chemical properties of multiple components as well as the chemistry of the solvent. Each of these factors can affect the interparticle interactions and consequently the viscoelastic properties. For instance, the presence of charged species has been shown to alter the liquid to gel transition in laponite suspensions [32] [33] [34] . Suspensions and gels of cellulose nanocrystals are a compelling case in point, as they display a wide variety of solvent-mediated interparticle interactions including van der Waals attraction, hydrogen bonding and electrostatic repulsion [35, 36] .
Cellulose nanocrystals (CNCs) are rod-like nanostructures consisting of repeating glucose units, and are a subject of growing interest as key ingredients of green composites due to their mechanical and chemical properties, as well as their sustainability and biocompatibility [36] [37] [38] [39] . CNCs are used as fillers for a variety of thermoplastics, thermosets and hydrogels, resulting in improved mechanical properties and temperature stability [40, 41] . Methods used for processing CNC composites include solvent-casting, coagulation and spinning, as well as melt extrusion [42] [43] [44] . More recently, bulk CNC-based structures have been produced by direct-ink writing [45, 46] . Consequently, the rheological properties of these composites, and especially the interplay of yielding, flow and recovery are strongly connected to our ability to manufacture CNC-based materials with the desired microstructure and properties.
CNCs are most commonly produced by sulfuric acid hydrolysis of wood fibers, which leaves residual sulfate groups on the CNCs resulting in a negative surface charge [36] . This allows the formation of colloidal CNC suspensions with relatively high concentrations, stabilized by electrostatic repulsion [47] . Moreover, CNCs also form intermolecular hydrogen bonds between surface hydroxyl groups, which results in a sol/gel transition as evidenced by the emergence of a yield stress and a sharp increase in the storage modulus at sufficiently high CNC concentration [36, 48] . The gel microstructure and concentration at which gelation occurs are dependent on the pH and ionic strength of the solvent, the presence of screening charges, as well as the aspect ratio and polydispersity of the CNCs [49] [50] [51] [52] . The rod-like shape of CNCs and the presence of surface charges also favor the formation of liquid crystal phases, which can give the gels a local crystalline order [35, 53, 54] . The case of aqueous CNC gels has been the most documented: the addition of charge-screening ions results in attractive van der Waals interparticle interactions leading to a broad range of rheological behavior depending on whether the gel is dominated by repulsive or attractive interactions [55] [56] [57] . Under external shear, the storage modulus of aqueous CNC gels decreases irreversibly as the gel is subject to increasing strain amplitude, and the CNCs are irreversibly rearranged [58] . A recent study on aqueous CNC gels under extrusion flow visualized by polarized light imaging, has shown that above the yield stress, CNCs display shear-induced alignment that is not trivially controlled by the macroscopic strain applied to the gel [59] . This last result illustrates the complexity of the rheological behavior of CNC gels and calls for a more in-depth investigation into the flows of CNC gels over a wide range of timescales. Studies on CNC gels have typically been limited to aqueous solvents, whereas the industrial-scale production of CNC/polymer composites requires precursors that are chemically more complex, and which may include oligomers, polymers, and crosslinking agents that necessitate organic solvents. Moreover, the mechanisms driving the microstructural changes associated with yielding in CNC gels have are not thoroughly understood.
In this article, we study the rheological properties of polymer-CNC gels, in an organic solvent. We first show that these gels experience a progressive and irreversible decrease of their elastic properties under external shear. Using rheology coupled with time-resolved Fourier Transform Infrared Spectroscopy (FTIR), we find that degradation of the elastic properties of the gel is caused by the progressive decrease of the density of hydrogen bonds between the CNCs. Such shear-melting of the gel microstructure is irreversible because the hydrogen bonds are not restored after flow cessation. By contrast, we show that the addition of relatively small amounts of UV and thermal curing agents to the gel leads to a partially shear-reversible behavior. The UV-curable gels also display a progressive thixotropic decrease of their elastic properties upon external shear, but once the flow is stopped, the gels exhibit a partial recovery of their elastic properties. Applying a series of successive shear-melting steps, and monitoring the viscoelastic recovery of the gels after each step, we explore the dynamics of the gel recovery over a very broad range of cumulative strains. First, we show that the yield stress measured after each period of shear decreases logarithmically with increasing accumulated strain. Second, we reveal how the series of recovery curves, which follow each period of shear, can be scaled onto a universal master curve, providing key insights about evolution in the gel microstructure. While each period of shear leads to an irreversible decrease of the total number of hydrogen bonds, the CNCs also interact via attractive van der Waals interactions (made possible by the curing agent, which plays the role of charge screening) and these attractive interactions are responsible for the partial recovery process. This scenario, which is confirmed by in-situ rheo-FTIR measurements is robust and illustrated over a broad range of CNC concentrations. Finally, we mimic the typical rheological behavior associated with extrusion-based 3D printing of the polymer-CNC gels by performing creep experiments at stresses close to the yield stress. We show that, in the presence of the crosslinking additives, the gels display a rapid recovery following the nonlinear creep flow, suggesting that the curing agent can be used as a control parameter to tune the mechanical integrity of polymer-CNC gels for use in direct ink writing.
II. EXPERIMENTAL
UV curable CNC gels (UV-CG) were prepared by first dissolving an epoxide oligomer, a photoinitiator, and a thermal crosslinker in dimethylformamide (DMF). The oligomer is poly(bisphenol-a-co-epichlorohydrin) diglycidyl ether (M n ∼ 355 g/mol), the cationic photoinitiator is triarylsulfonium hexafluorophosphate (50% in propylene carbonate) and the thermal crosslinker is 4-aminophenyl sulfone. All reagents were obtained from Sigma Aldrich. Freeze-dried CNC powder (Celluose Lab, New Brunswick, Canada) is added to the mixture amd then dispersed by probe sonication at 40% amplitude for 15 seconds (750 W Sonics Vibra Cell). Reference composite gels (CG) were prepared using the same process, with the exception of adding the photoinitiator and thermal crosslinker. In all the gels, the mass ratio of the epoxide oligomer to the CNCs is 10%, and the mass of the cationic photoinitiator is 10% of the mass of the epoxide oligomer. The amine to epoxide molar ratio is 0.4. The mass fractions of the crosslinkers are selected to allow UV curing of millimeter thick layers within a few minutes, FIG. 1 . Evolution of the storage and loss modulus, (denoted by G and G respectively), for both the composite CNC gel (CG) and UV-curable CNC gel (UV-CG) versus the mass fraction of CNCs. G is shown with filled symbols, and G with open symbols. The pristine samples were initially presheared atγ = 500 s −1 for 10 s to erase any memory effect due to loading the rheometer. The gels were allowed to recover for 6 minutes after which the values of the viscoelastic moduli were recorded. Insets: photographs of a CNC composite gel (CG) and a UV curable gel (UV-CG).
and accelerated thermal curing at lower temperatures.
Sonication induces the initial microstructure of the gels, and has been used to break down aggregates of nanoparticles in a variety of colloidal systems, resulting in improved interfacial properties [60, 61] . Here, probe sonication breaks down the freeze-dried CNC powder into smaller nanoparticles, resulting in a large number of hydroxyl (OH) groups available for hydrogen bonding. The average diameter of the CNCs after sonication is around 2.5 nm as measured by dynamic light scattering (see supplementary Fig. 11 ). Sonication also generates a complex flow pattern that drives the large-scale association of CNCs efficiently, leading to the formation of the gel.
Standard rheological tests are performed with a stresscontrolled rheometer (AR-G2, TA Instruments) with a 40 mm diameter parallel-plate geometry equipped with a solvent trap. The lower plate (stator), includes a Peltier module, which is used to maintain the sample temperature at 25
• C. In addition, simultaneous rheology and Fourier-Transform Infrared Spectroscopy (FTIR) measurements are performed with a stress-controlled rheometer (HAAKE MARS, Thermo Fisher) equipped with a Rheonaut module. The rheometer has a 35 mm diameter upper plate (rotor) and the infrared laser is directed into the sample via an Attenuated Total Reflectance (ATR) crystal of surface area 1 mm 2 , located in the lower plate of the shear cell (stator). The ATR crystal is positioned at a radial position corresponding to 50% of the plate diameter, to ensure that the sampled region (which ex- The range of CNC concentrations explored was selected such that the polymer-CNC composite always formed a gel when left undisturbed after the sonication step. For CNC content lower than 8% wt., we do not observe gelation with the sonication parameters described above, while for CNC content larger than 15% wt., the kinetic arrest occurs during the sonication step before the individual CNCs are fully dispersed. Fig. 1 summarizes the changes in the linear viscoelastic properties of the CG and the UV-CG gels, showing the values of the elastic and viscous moduli (G and G resp.) as a function of the CNC mass fraction. For both types of composite gels, G and G are increasing functions of the CNC mass fraction within the window 8% wt. to 15% wt. Moreover, G saturates at CNC content larger than 11% wt. for CG gels (15% wt. for UV-CG gels). This behavior contrasts with the typical power-law-like increase broadly reported for colloidal gels, which involve van der Waals and depletion interactions [6, 62] . For these CNC gels, such saturation may result from the geometric constraints associated with the hydrogen bonding between neighboring CNCs. Indeed, hydrogen bonds behave as localized patchy interactions with limited attraction range. [63] This interpretation is consistent with the finding that the elastic mod- ulus of both types of gels, with and without crosslinkers is limited by the same asymptotic value of G 2000 Pa. Comparing the FTIR spectra of pristine UV-curable and composite gels, the effect of the crosslinkers is identified to be physical rather than chemical. The comparison is described in detail in supplementary Fig 12. Finally, the physical appearance of the gels are pictured in Fig. 1 . The composite gels are translucent, whereas the UV-curable gels are opaque, indicating that the UV curable gels have a coarser microstructure than the reference composite gels, with a typical size of about a micron.
FTIR-coupled rheometry allows us to monitor the evolution of the composite gel microstructure under external shear. A representative mid-IR spectrum of a 14% wt. UV-curable gel is illustrated in Fig. 2a . The most prominent peak between 1600 and 1700 cm −1 arises from the carbonyl bond in DMF, while the peak at about 1380 cm −1 is attributed to the NC bond in DMF [64] . The peak at about 1100 cm −1 is due to the pyranose ring, which forms the backbone of the CNC. Finally, the broad peak, which spans between 3200 and 3600 cm −1 is the signature of the free hydroxyl (OH) groups in the gel [65] . This is the primary peak of interest during rheology experiments, as a reduction in the number of hydrogen bonds between the CNCs, results in a growth of the peak intensity due to the increase in concentration of free OH groups [65] [66] [67] . As an illustrative example, we show in Fig. 2b the evolution of this peak for increasing cumulative strain γ T during a creep test at σ = 105 Pa. The dimensionless parameter α OH , α OH = A 3200−3600 A 1600−1700 (1) denotes the ratio between the peak area of the hydroxyl groups from the CNCs and that of the carbonyl group from DMF. The baseline of the spectrum between 500 and 4000 cm −1 is used in the peak area calculation. The noise in α OH has an amplitude of about 0.006 and the corresponding minimum strain ∆γ required to observe a change in α OH is about 10 4 .
III. RESULTS AND DISCUSSION
A. Shear melting of UV curable gels
To quantify the evolution of UV curable CNC gels under external shear, we repeat recursively the same protocol, which consists of three steps: (i) a flow at high shear rate to partially degrade the gel microstructure, (ii) a period of rest during which we monitor the gel recovery via small amplitude oscillations; and (iii) a stress sweep to estimate the yield stress of the gel. We illustrate that sequence in detail in Fig. 3 for a 11% wt. UV curable CNC gel. We first apply a constant shear rate ofγ = 500 s −1 over a fixed duration, here of 660 s but more generally chosen between 10 s and 1000 s so as to control the total strain experienced by the sample. This breaks a fraction of the hydrogen bonds present in the gel. The flow is then stopped by decreasing the shear rate fromγ = 500 s −1 toγ = 0 s −1 over 10 s. Under constant external shear, the stress σ, slowly decreases in time, while the structural parameter α OH computed from the IR spectrum displays a progressive increase from 0.02 to 0.035 (Fig. 3a) .
Following the end of the preshear, the storage and loss modulus of the gel are monitored by small amplitude oscillatory shear for a period of 1000 s (Fig. 3b ). Right after flow cessation, we find that G < G , indicating that the gel has been fluidized by the applied shear. After about 30 s, G becomes larger than G , which indicates that the gel rebuilds, and after 100 s, G asymptotically increases to a value such that G G . During this recovery phase, α OH remains constant, α OH 0.03, indicating that the hydrogen bonds broken during the period of high shear do not re-form, and that hydrogen bonding between CNCs cannot be responsible for the elastic recovery of the gel. This is the principal reason why we use the term of "shear melting" to describe the step of high shear rate. To determine the yield stress of the gel after recovery, we perform an oscillatory stress sweep of increasing amplitude from σ 0 = 10 −2 Pa to 100 Pa (Fig. 3c) . At low stress values, the gel displays primarily an elastic behavior characterized by G G , up to the yield point where G abruptly drops and G exhibits a local maximum. We use the crossing point of G and G to define the yield stress σ c of the gel. Simultaneous measurement of α OH shows that the number of hydrogen bonds remains constant all the way to the yield stress, at which point α OH then increases abruptly to about 0.05, which indicates that the yielding and flow results in a supplemental loss of hydrogen bonds.
Following the stress-sweep, we repeat for a second time FIG. 5 . Variation versus cumulative strain of the fit parameters a, b and |G r |, which describe the temporal evolution of G , during the recovery step of UV-curable CNC gels. In (a), the dashed lines are guides for the eye with a slope of -1. In (b), the horizonal dashed line marks the limit between recovery curves showing a concave shape (b < 1) and those showing a convex shape (b > 1). Data is shown for UV-curable gels with CNC concentrations ranging between 10% wt. and 15% wt.
FIG. 6. Global master curve of G and G versus rescaled time axist, normalized by tg, defined as the crossing point of G and G . The master curve is obtained from the recovery profiles of G and G for UV-curable gels with concentrations ranging from 10% wt. to 15% wt. The recovery curves for each CNC concentration were recorded at a cumulative strain of γT = 7 · 10 3 . The vertical dashed line indicates the gel point corresponding tot/tg = 1. a shear melting step, i.e. a shear flow atγ = 500 s −1 . The evolution of the shear stress and value of α OH versus time during the second shear melting cycle are shown in Fig. 3d . For reference, the shear stress measured during the first shear melting step is shown by a dashed line. The initial value of the shear stress in the second cycle is seen to be significantly lower than that measured in the first cycle. Furthermore, α OH increases from 0.05, measured at the end of the stress sweep, to about 0.08. This data is consistent with our hypothesis that the shearmelting and yielding of the UV-curable gel results in an irreversible degradation of some hydrogen bonds in the gel, and that the hydrogen bonds do not re-form even during the extended recovery period.
The recovery of the elastic modulus of the UV-curable CNC gels can be attributed to weak van der Waals attractive interactions between the CNCs. Indeed, CNC particles have a residual surface charge but the chemical additives in the UV curable CNC gels inhibit or screen the electrostatic repulsion between the CNCs. The cationic photoinitator is a complex of the form ArS + PF − 6 , where Ar represents a phenyl group. The polyamine curing agent is also polar (Lewis base) and has a structure of the form (R-NH 2 ) 2 SO 2 , where R is a hydrocarbon group. The polar curing agents in the UV-curable gels cause an analogous charge screening effect to that of sodium chloride in aqueous CNC suspensions [35, 55] . Note that the reference composite gels do not show an increase in G after a sequence of high shear rate, i.e. they do not recover their elastic properties in the absence of chargescreening (see supplementary Fig. 13 ). This scenario is also consistent with the rapid recovery of the elasticity of the UV-curable gel, since van der Waals attractions are local and lead rapidly to the formation of a percolated network, once the external flow is stopped [25] .
To further understand the differences in the recovery of these two classes of gels, several cycles of shear melting and recovery were imposed following the protocol described above in Fig. 3 . The temporal evolution of G during the recovery that follows each shear-melting sequence are reported in Fig. 4a for a 11% wt. UV-curable gel (the corresponding evolution in G is shown in supplementary Fig. 16 ). After each period of high shear, the elastic modulus G initially increases rapidly, before slowly approaching an asymptotic value. The successive recovery curves however, reach lower G values for increasing cumulative strain, once again suggesting irreversible degradation during shear-melting steps. The time evolution of G is well described by the following FIG. 7 . Microstructural evolution during the shear melting and recovery of UV-curable CNC gels: (a) The CNCs in the pristine gel are mostly hydrogen bonded, (b) Shear melting at constant shear rate is accompanied by a monotonic reduction in shear stress, σ and an increase in αOH . As a result, a fraction of the hydrogen bonds are broken, and the CNCs are free to flow either individually, or in smaller hydrogen-bonded clusters. (c) During the recovery, G is partially restored, while αOH remains constant, and the CNCs reaggregate by van der Waals forces to form a weaker gel.
power-law function:
where a is a measure of the rate of increase of the connectivity of the gel, b is a dimensionless exponent and G r is the extrapolation of G in the limit of time vanishingly close to the flow cessation. The values of these parameters for gels with different CNC concentrations, are reported in Fig. 5 , and display monotonic trends with increasing cumulative strain, γ T . First, the rate parameter, a decreases as a power-law with increasing γ T (Fig. 5a ). Second, b, which captures the curvature of the recovery curve, increases as a logarithm of γ T (Fig. 5b) . Finally, |G r | decreases as a power-law with increasing γ T (Fig. 5c) . The CNC concentration impacts the absolute value of these parameters, but only weakly affects the logarithmic dependence with γ T . Such a robustness with composition suggests that the gel recovery displays a generic behavior that should be captured by a simple rescaling.
Indeed, all the recovery curves presented in Fig. 4a , which are determined after various cumulative strains, γ T , can be rescaled into a single master curve in a logarithmic representation, by translating the recovery curves along the horizontal (time) axis by introducing the following timescalet = βt, where β is a scaling factor. The same rescaling factor is also used for G . Fig. 4b shows the master recovery curve for the 11% wt. CNC gel, and the corresponding rescaling factor β decreases as a power-law with increasing γ T (inset in Fig. 4b ). At low γ T , the gel recovers rapidly and G exceeds G immediately following the shear-melting step. As γ T increases, the recovery dynamics of G and G trace the master curve, and the rate of recovery becomes progressively slower. At large cumulative strain, G is observed to be smaller than G immediately after flow-cessation, and to recover slowly thereafter. This observation is robust and master recovery curves were also determined for UV-curable gels with 10% wt. and 15% wt. CNCs (Fig. 4c and 4d respectively) . The rescaling factors for the 10% wt. and 15% wt. gels also follow similar power laws to the 11% wt. gel, and are shown in supplementary Fig. 17 . At low CNC concentration (10% wt.), a lower strain is required to fluidize the gel and the recovery is significantly slower. Consistently, at higher CNC concentration (15% wt.), the elasticity of the gel recovers much faster, with G > G almost instantly upon flow cessation for the entire range of cumulative strain explored. Furthermore, the recovery profiles obtained for UV-curable gels with different concentrations, after the same shear history (γ T = 7 · 10
3 ), can all be combined into a global master curve by normalizing the time axis by a characteristic time, t g , defined as the crossing point of G and G (Fig. 6 ). This sets a common reference point for all the recovery curves, regardless of the CNC concentration of the gel. The global master curve illustrates the universality of the shear-melting and recovery behavior of the UV-curable gels under non-linear external shear.
Combining the insights from in-situ FTIR measurements and rheology, we can now discuss the mechanism of shear-melting and recovery, as well as illustrate the universality of the gel recovery in this shear-sensitive, weakly attractive system, with respect to cumulative strain and CNC concentration. Fig. 7 shows a schematic of the postulated microstructural evolution during shear melting and recovery. The gel is initially composed mostly of hydrogen-bonded clusters of CNCs (Fig. 7a) . As we increase the strain applied to the composite gel, an increasing number of hydrogen bonds are irreversibly broken, and more CNCs are free to be rearranged by the local flow field (Fig. 7b) . Following each shear-melting step, the gel partially recovers at a rate that decreases with increasing accumulated strain. This result suggests that the strongly hydrogen-bonded network of CNCs is progressively replaced by clusters of CNCs that interact via weak van der Waals attractive forces (Fig. 7c) . A striking feature seen in the recovery of the 11% wt. gel is that G is initially convex at low γ T before transitioning to a concave shape at large γ T (Fig. 4b) . The recovery exponent, b, is less than 1 at small strains (γ T = 7 · 10
3 ) and greater than 1 at larger strains (Fig. 5b) . At small strains, the concave recovery curve reflects the rapid initial recovery of the CNCs, which are trapped in local "cages" formed by their neighbors. As the accumulated strain increases, the shape of the viscoelastic recovery becomes increasingly convex, indicating that the recovery is initially slow, but accelerates after a quiescent period. Correspondingly, G is initially lower than G suggesting that the gel is fluidized, permitting the CNCs to flow either individually or in clusters. Combining these observations, we deduce that recovery after the application of large strains may first involve hydrodynamic rearrangements of the CNCs, followed by rapid percolation of van der Waals bonded clusters of CNCs.
These distinctions in the dynamics of viscoelastic recovery are also observed by comparing gels of different CNC concentrations after similar shear histories. On the one hand, the 10% wt. CNC gel breaks down at low strains, with a recovery exponent b ∼ 1, and a recovery rate a 1, indicative of very slow recovery. On the other hand, the 15% wt. CNC gel exhibits a highly concave (b < 1) recovery profile at low strains. While b approaches 1 at higher strains, a is about 4 orders of magnitude larger than that observed for the 10% wt. gel, suggesting a more rapid recovery. Moreover, the initial portion of the recovery of the 15% wt. gel remains rapid even at high strains, most likely because the loading of CNCs is sufficient for rapid clustering to take place via van der Waals interactions. As a result, the initial percolation takes place too rapidly in the 15% wt. gel to be measured experimentally, and G > G at all times greater than 8.5s (the first recorded data point) during the recovery.
Further emphasizing the universality of the recovery dynamics, the rate parameter a can be directly compared across gels with different CNC concentrations without normalization, although the final value of G after recovery increases with CNC concentration. This is because the value of G corresponding to the crossover of G and G during recovery is almost identical for all the gels, about 20 Pa. This indicates that all the gels pass through a similar minimal percolated state during the recovery step. While the cumulative shearing strain γ T increases from 7·10 3 to 5·10 5 , a decreases monotonically from 7.5 to 0.02 for the 11% wt. gel. With increasing γ T , more hydrogen bonds are broken allowing hydrodynamic re-ordering of the CNCs, and resulting in smaller clusters. The dependence of the aggregation rate on cluster size is widely observed in attractive colloidal gels. [68] Illustrating that lowering the CNC concentration has a similar effect to increasing γ T , the initial rate of recovery at γ T = 8 · 10 3 , is 0.1 Pa s −b for a 10% wt. CNC gel and 8500 Pa s −b for a 15% wt. CNC gel. An analogous regulation of recovery behavior is seen in aging silica gels, where temperature, rather than the accumulated strain, alters the dynamics of particle aggregation following shear melting [69] . More generally, the universality we demonstrate via the master curves in Figs. 4 and 6 is consistent with the theory that fluidization of a colloidal glass by shear is analogous to decreasing the colloidal volume fraction or increasing the thermal energy of the system [70] .
The evolution of the yield stress, σ c ( Fig. 8) with cumulative strain for the UV-curable gels, was determined by performing a stress sweep of the form shown in Fig. 3c following each recovery step. The yield stress is defined as the minimum applied stress amplitude for which G < G . The initial yield stress of the gel increases with increasing CNC concentration, except for 14% wt. and 15% wt. gels, which display a similar yield stress. This result is in agreement with the existence of a plateau in the dependence of the elastic modulus with the CNC concentration, for weight fractions larger than 14% (Fig. 1) . For increasing γ T , the UV-curable gels display a monotonic decrease in the yield stress following a logarithmic dependence in γ T . For the lowest concentration explored (10% wt.), the gel becomes fully fluidized, i.e. it no longer exhibits a yield stress for a cumulative strain of γ T 3·10
4 . Note that shear-induced irreversible rearrangements of CNCs were reported in aqueous suspensions using light scattering techniques [58] . However, we demonstrate for the first time that the irreversibility of the yielding process is linked to the loss of hydrogen bonds between the CNCs, and that partial recovery of elastic properties of the gels is made possible by the charge-screening effect of the crosslinkers, leading to the formation of a percolated network mediated by van der Waals attractions. 
B. Creep flows of composite gels
While shear-rate controlled rheometry provides valuable insight into the irreversible shear melting of the gels, flow during processing of CNC composites often occurs under constant external stress, and therefore over different timescales. For instance, shear-induced rearrangements of CNCs during pressure-driven extrusion through a nozzle have been shown to take place over time scales up to 10 3 s [59] . In a pressure-controlled extruder, the time over which a gel experiences a high shear stress is dependent on the geometry of the nozzle. Flow occurs when the stress at the wall of the nozzle reaches the yield stress [71] . Therefore, a creep test performed with a rheometer, at a stress close to the yield stress, mimics the dynamic response of the gel during flow through an extruder.
We first consider the case of the UV-curable gel at two different concentrations: 12% wt. and 14% wt. CNCs. The protocol is the following: the gel is subject to a 60 s pre-shear atγ = 500 s −1 to erase the shear history from loading the gels into the rheometer. The gel is allowed to recover for 10 3 s, before being subjected to a stress sweep, which allows us to determine the yield stress of the gel (see supplementary Fig. 18 ). The stress value, σ used to perform the creep test is then chosen to be close to the yield stress, σ/σ c = 0.99. The creep tests on the 12% wt. and 14% wt. gel were performed at σ = 65 Pa and σ = 105 Pa respectively, and the strain response is reported as a function of time Fig. 9a . The initial creep is slower for the 14% wt. gel compared to the 12% wt. due to the higher elastic modulus of the material, but both gels accumulate a large total strain of about γ T ∼ 10 6 over 1000 s. The strain for the 12% wt. CNC gel grows as a power-law of time: γ(t) ∼ t 0.96 , whereas the 14% wt. gel shows a decelerating strain response. This result points toward a fluid-like behavior for the 12% wt. gel and a more viscoelastic solid-like response for the 14% wt. gel. [72] Indeed, this behavior is confirmed by the gels' response following the creep test (Fig. 9b and  9c ). Upon cessation of flow, the 12% wt. gel is fully fluidized (G < G ), and the gel rebuilds within about 100 s. Note that both G and G experience an increase during the recovery. By contrast, the 14% wt. gel shows a solid-like behaviour (G > G ) immediately upon cessation of flow, which strongly suggests that the percolated network formed by the CNCs linked by hydrogen bonds still spans the whole sample, although the stress applied to the sample was larger than the yield stress. We attribute this difference to the denser microstructure of the gel. Furthermore, the viscoelastic recovery for the 14% wt. gel only affects G , while G is relatively constant, which suggests that the rebuilding of the percolated microstructure proceeds without an increase in the viscous dissipation. The corresponding changes in the hydrogen bond density between the CNCs are monitored with FTIR by following the evolution of α OH during the creep and recovery tests. The results are consistent with the previous observations and confirm our rheological findings: α OH increases monotonically during the creep test, i.e. hydrogen bonds between CNC particles are progressively destroyed under shear (Fig. 9d) . Finally, α OH remains constant during the recovery period, at a value equal to that reached at the end of the creep test, which means that the disruptions in the hydrogen bonds are not reversible during the rest period ( Fig. 9e and 9f) . The elastic recovery in both 12% wt. and 14% wt. gels are therefore related to weak van der Waals attractive interactions between the CNCs.
To examine the effect of charge-screening by the crosslinkers on the creep response of the gels, we repeated the same creep test on CNC composite gels without crosslinkers, at two different concentrations of 9.3% wt. and 12.5% wt. In the absence of charge-screening, CNCs are stabilized by electrostatic repulsion, in addition to hydrogen bonds [55] . Notably, the composite gels are observed to be translucent in comparison with the opaque white color of the UV-curable gels (Fig. 1) . This is indicative of long-range order enabled by electrostatic interactions. Creep experiments coupled to FTIR measurements were performed on the 9.3% wt. and the 12.5% wt. composite gels at σ = 100 Pa and σ = 120 Pa respectively. These stress values are again chosen to be slightly larger than the yield stress of the samples (see supplementary Fig. 18 for the determination of the yield stress). The creep response γ(t, σ) of both gels are reported in Fig. 10a on a logarithmic scale. Similar to the UV-curable gels, the strain of the 9.3% wt. composite gel shows a power-law increase as a function of time: γ(t) ∼ t 1.19 , whereas the 12.5% wt. CNC gel shows a decelerating flow. The key difference between the composite gel, which does not contain additives and the UVcurable gel (shown in Fig. 9 ) is visible in the response following the creep test (Fig. 10b and 10c) . The absence of photoinitiator dramatically changes the recovery after flow. For both concentrations, G only weakly increases with time, while G remains constant. We attribute such a slow recovery of the composite gels to the presence of unscreened electrostatic interactions between the CNCs. Indeed, the electrostatic repulsion masks the attractive van der Waals interactions and thus prevents the aggregation of CNCs. Consequently, CNCs in these composite gels display cooperative and long-range slow motion, which accounts for the slow recovery. These features are the hallmark of glassy dynamics. [73] Therefore, our observations find a natural framework in the context of Soft Glassy Rheology, for which analogous effects have been reported, e.g; in laponite gels, where charge screening results in a transition from slow cooperative rearrangements of the particles, to rapid recovery [74] . Finally for the 12.5% wt. composite gels, we note that α OH remains constant during the creep test, due to the fact that that the stress selected for the creep test is not sufficiently higher than the yield stress (Fig. 10d) . As a result the total accumulated strain is insufficient to generate a significant change in α OH . However, the evolution of the strain still suggests that the sample is elastically deformed and flows largely as a plug (Fig. 10a) . Such a rheological response is favorable to retain the mechanical integrity of the gel during extrusion processing such as in direct-write printing.
IV. CONCLUSIONS
We have explored a set of formulations of CNCpolymer composite gels for the synthesis of UV-curable nanocomposites. This formulation involves the introduction of crosslinking additives, which confer tunable rheological properties upon the CNC gel, while enabling UV curing of highly filled CNC-polymer composites. Dispersion of CNCs in DMF by sonication results in the formation of a metastable, time-evolving gel via hydrogen bonding between the CNCs. Using FTIR coupled with rheometry, we found that these hydrogen bonds are irreversibly broken by external shear, and that the density of hydrogen bonds increases monotonically with increasing cumulative strain. External shear thus plays the role of "shear-melting" in CNC-polymer gels, and for sufficiently large strains, brings the gel into a fully fluidized state, which shows negligible recovery upon flow cessation.
The presence of crosslinking additives screens the electrostatic repulsive interactions between the CNCs, which then interact mainly through van der Waals attractive interactions, enabling the UV-curable gels to recover their viscoelastic properties upon flow cessation. The elastic and viscous moduli of the UV-curable gels containing crosslinking additives display a power-law like recovery, which depends on the shear history and on the CNC concentration. Revealing universality of this behavior with respect to shear history and CNC concentration, we identified master curves that represent the recovery dynamics of the gels, for a broad range experimental parameters. Furthermore, the CNC composite gels display rheological phenomena similar to those observed in model colloidal gels, and furthermore, these behaviors can be tuned with additives such as crosslinking agents. This offers a unique opportunity to control the properties of CNC-polymer composite gels through applied shear, and for the application of these gels as precursors for solid nanocomposites. Therefore, this work should have a broad impact on the production of CNC-based materials, including by 3D printing.
SUPPLEMENTAL MATERIALS V. CNC SIZE DISTRIBUTION
Dynamic light scattering (DLS) measurements were performed on 8.5% wt. CNC composite gels after the CNCs were dispersed by sonication. The weight fraction selected to ensure that the gels flow easily for insertion into the cuvettes for DLS measurements. The measurements were performed with a DynaPro Nanostar instrument. The aggregates in the freeze-dried CNC powder are dispersed into nanoparticles, with a majority of the particles having a diameter of about 2.5 nm. This corresponds to the expected diameter of individual CNCs. Figure 11 shows the DLS intensity distribution of the CNCs measured after probe sonication. The numerical description of the DLS peaks, including the mass distributions are provided in Table I 
VI. EFFECT OF CROSSLINKERS
The composite CNC gels (CG) contain only the epoxide oligomer and solvent, while the UV-curable CNC gels (UV-CG) contain in addition a cationic photoinitiator and a polyamine thermal crosslinker. To examine whether the inclusion of the crosslinkers alters the physical interaction between the CNCs, or result in a chemical reaction, we compare the FTIR spectra of the two types of gels, prior to the application of any significant shear history. The composite CNC gel and the UV-curable CNC gel have 12.5% wt. and 12% wt. CNCs respectively (Fig. 12a and 12b) . The key peaks of interest in these two spectra are identical. These include the broad hydroxyl (OH) peak between 3200-3600 cm −1 , the CH peak around 2950 cm −1 , the COC bond due to the pyranose ring on cellulose at 1100 cm −1 and the C=O peak from DMF located between 1600 and 1700 cm −1 . Therefore, we conclude that the crosslinkers do not have any discernable chemical effect on the gels. The electrostatic repulsion between the CNCs is dependent on the Debye screening length of the medium [32] . The presence of the thermal crosslinker and cationic photoinitiator modifies the nominal Debye screening length resulting in the inhibition of electrostatic repulsion between the CNCs. This allows the formation of clusters of CNC particles governed by van der Waals attraction in the UV-curable gels.
VII. RECOVERY OF COMPOSITE GELS
The evolution of G versus time during the recovery of a composite gel, without crosslinkers, following the cessation of a shear-melting step is shown in Fig. 13 for composite gels of different CNC concentrations. The yield stress determined after each recovery period is shown in Fig. 14 . For a detailed description of the rheology protocol, refer to Fig. 3 . In the absence of crosslinkers, the repulsive electrostatic interactions between the CNC par- ticles prevent the formation of percolating CNC clusters. For 8.5% wt. composite gels, a small strain (γ T = 3 · 10
3 ) is sufficient to fully and irreversibly fluidize the gel. The same finding applies to the 9.5% wt. CNC gel, which is irreversibly fluidized at γ T = 2 · 10 5 . At higher concentrations of CNCs, i.e. (10.5% wt. and 11.5% wt.), the elastic modulus progressively decreases with increasing strain, but the gel maintains a finite yield stress for strains of at least γ T = 6 · 10 5 .
The elastic properties of composite gels do not show the same recovery as seen in the UV-curable gels. During each recovery period, G shows a weak aging with time, with a relatively small change. Fig. 15 shows the recovery of the elastic modulus of a 12.% wt. composite gel (CG) with and a 12% wt. UV-curable gel (UV-CG) after the application of a shear strain of γ T = 7·10
3 . The 12% wt. UV-curable gel exhibits an initial elastic modulus G = 22 Pa, which recovers to about G = 300 Pa after 360 s. By contrast, for the same accumulated strain, a 12.5% wt. composite gel exhibits an initial elastic modulus G = 818 Pa, which increases to G = 930 Pa after 360 s. In the case of the composite gel, the presence of repulsive interactions in addition to attractive hydrogen bonds results in "caging" of colloidal, which is responsible for the slow dynamics of recovery described above.
VIII. RECOVERY OF UV-CURABLE GELS
The recovery of UV-curable gels is described in Fig. 4 in the main text. Fig. 16 shows the evolution of the viscous modulus G with time for the recovery of a 11% wt. UV curable gel as a complement to the evolution of G shown in Fig. 4a . A power-law function identical to Eq. 2 describes the evolution of G during the recovery.
The factor β used to rescale the time axis of G (t) and G (t) for the 10% wt., 11% wt. and 15% wt. UVcurable gels that are presented in Fig. 4b-4d are reported in Fig. 17 as a function of the cumulative strain γ T . For each UV-curable gel, the rescaling factor β follows a power-law with respect to γ T . The power-law exponent decreases for increasing CNC concentrations: from Comparison of the recovery of the elastic modulus of a 12.5% wt. composite gel and a 12% wt. UV-curable gel. The evolution of G for both types of gels were recorded after the application of a cumulative strain of γT = 7 · 10 3 .
about ζ = −0.97 for the 10% wt. gel to ζ = −0.57 for the 15% wt. gel. 
IX. COMPARISON BETWEEN THE YIELDING BEHAVIOR OF COMPOSITE GELS AND UV-CURABLE GELS
The applied shear stress magnitude for the creep experiments described in Fig. 9 and Fig. 10 were chosen in the vicinity of the yield stress, σ c of the sample at the present age. The latter value was determined by performing stress sweeps at f = 1 Hz. The stress sweeps are reported in Fig. 18a and 18b for the 12% wt. and 14% wt. UV-curable gels, and in Fig. 18c and 18d for the 9.3% wt. and 12.5% wt. composite gels. The vertical red lines indicate the stress at which the subsequent creep experiments were performed. During the stress sweep, the UV-curable gels show an abrupt yielding transition as both G and G drop by about two orders of magnitude within around 20 Pa of stress amplitude. By comparison, the yielding of the composite gels in the absence of charge screening crosslinkers, is observed to be more gradual. Around the yield stress, the elastic and viscous modulus show a smooth decay over about a decade of over a range of around 100 Pa in stress amplitude. he abrupt yielding of the UV-curable gels is reminiscent of a brittle-like failure scenario, whereas the progressive failure of the composite gels is more ductile-like. The study of large deformations of biopolymer gels with different intermolecular interactions shows that after yielding, the elastic modulus "weak" gels displays a significantly higher sensitivity to applied deformation, in comparison with "strong" gels [75] . In the case of the composite gels the absence of charge screening creates additional repulsive interactions provide an additional entrapment effect for the CNCs, effectively resulting in a stronger gel.
